Abstract--Ballscrew drive system has high mechanical efficiency and is able to get high gear ratio easily. But it also has non liner friction elements like rolling friction and viscous friction, so it makes ballscrew control accuracy worse. For that reason, it is proposed that inserting disturbance observer into control system and compensating disturbance torque. Generally, rotary encoder is used for position sensor in ballscrew control, but its resolution affects accuracy of drive control and disturbance observer.
I. INTRODUCTION
Linear motion mechanisms for driving a ball screw with a servomotor are widely used as a power source for industrial robots, precision processing machines, electric power steering. In recent years, for improving drive performance, it is increasing in drive speed and accuracy of ballscrew mechanisms. In the ball screw driving system, although the mechanical efficiency is extremely high, and it is possible to obtain a high reduction ratio according to the lead pitch. But since it has a nonlinear frictional element including ball rolling friction and viscous friction, which makes control ability worse and constrict speed-up and accuracy.
Further, in the ballscrew system, not only disturbance due to nonlinear friction but also external disturbance applied from the outside of the mechanism is always received and driven. So that particularly in the speed accuracy in a very low speed region and the position accuracy in the vicinity of the target position in the positioning mechanism are strongly required to construct a mechanism with great influence and robustness against disturbance.
In order to compensate for external disturbances adversely affecting these ballscrew drive systems, a method of compensating disturbance torque by installing a disturbance observer in the control system and estimating disturbance has been proposed [2] - [4] , [7] . Research on nonlinear friction has been done for a long time in the process of modeling the system, and various types of friction models have been proposed [1] - [4] , [7] - [9] . In addition, an encoder is generally used as a position sensor for the control of the ball screw, but the upper limit of the precision that can be driven is determined by the resolution of the encoder, and also the precision of estimation by the observer is affected.
Therefore, in this paper, we construct the speed control system is constituted by the ball screw driving system using the AC servomotor with using the 23bit high resolution encoder developed in recent years and low resolution encoder as a position sensor. Then we compare the operating characteristics in the low speed range, and insert the disturbance observer to estimate the disturbance torque, we verified the effects on the driving characteristics by actual machine and simulation. Fig.1 shows outline of the ballscrew system used in this paper. And Table 1 shows the parameters.
II. CONFIGURATION OF BALLSCREW DRIVE SYSTEM

A. Specification of Ballscrew Drive System
The ball screw drive system consists of four elements which are ball screws, stage, servomotor, high resolution encoder, and inverter board combined with controller. The lead pitch of the ballscrew is 20 [mm] , and the total length is 500 [mm] . "TSM3202N2300E040" (manufactured by Tamagawa Seiki Co., Ltd.) was used for the servo motor, and 23-bit absolute encoder(manufactured by Tamagawa Seiki Co., Ltd.) was used as the high resolution encoder. The low resolution encoder (11 bits (2048 [pulse / rev])) is made equivalently reproduce by cutting off the low order bits of high resolution encoder receive data. We use a selfmade inverter of DC24V input of 500W class equipped with Renesas RX 62 T microcomputer on the inverter board.
Estimation of disturbance torque for ballscrew drive system with using high resolution encoder 
B. Configuration of Control System
Using the equipment described in Section II.A, we construct the speed control system of the control block diagram shown in Fig.2 . In the experimental equipment used in this paper, the ballscrew does not have a liner position sensor. When extending to a positioning control system, a semi-closed loop is constructed by using data of a rotary encoder attached to the motor. In the control cycle, the current loop is 100 [us] and the velocity loop is 1 [ms] . The control gain of the current loop are the proportional gain Kcp = 3, the integral gain Kci = 0.0005. The control gain of the velocity loop are proportional gain Ksp = 0.5, integral gain Ksi = 0.12. Also, a disturbance observer is inserted for disturbance estimation, and the presence or absence of disturbance compensation can be adjusted by "observer gain".
C. Configuration of Disturbance observer model
In order to construct the disturbance observer in the ballscrew drive system, it is necessary to model the ballscrew mechanism. Table 2 shows the parameters of the ballscrew mechanism. Using the 2 inertia system model which is the simplest model as the ballscrew model, the model when the motor rotation angle θ is given to the ballscrew is expressed by the following equation.
Where, xm is the amount of movement of the motor converted into the linear system, F is the thrust applied to the ball screw table, v is the speed of the table, R is the conversion coefficient of the rotary system and linear system, Kt is the axial stiffness coefficient , Ct is the viscous damping coefficient, and Mt is the mass of the table. In general, it is known that ballscrews include nonlinear friction elements such as viscous resistance. We incorporate a nonlinear friction model into this model. Although many nonlinear friction models have been proposed, in this paper we used the simplest Coulomb friction model. The frictional force Ffriction in the Coulomb friction model is defined by the following equation using the table speed v.
Where, StaticFriction is a static friction force. Expression (1) - (4) are represented by a block diagram as shown in Fig.3 .
Based on the model shown in Fig. 3 , we constructed a model of the disturbance observer. In this paper, we do not specify where disturbance is added, but estimate all the disturbances that were ad ded between the motor input and the ball screw output in a lump. Therefore, as shown in equations (5) - (7), the disturbance can be estimated by calculating the difference between the reference torque of the motor and the torque obtained from the movement amount of the ballscrew.
Where, p is the pole pair number, Ke is the back-EMF constant, and iqref is the q axis current reference. Fig.4 shows the block diagram of the disturbance observer derived from equations (5) - (7). Since the estimation system includes a differential term, LPF is inserted as shown in Fig.4 in order to suppress the divergence of the value. The cutoff frequency of the filter was 159[ Hz].
III. COMPARISON OF BALLSCREW OPERATING CHARACTERISTICS
A. Comparison in Simulation
In this chapter, we compare the operating characteristics of both actual machine and simulation using the control system and model constructed in the previous chapter. In the experiments, we examine the case of using the 23-bit high-resolution encoder and the case of using the 11-bit low-resolution encoder with and without compensation by the disturbance observer. We use an operation pattern that decreases motor speed from 10 [rpm] to -10 [rpm] by ratio of 2[rpm] per about 1second, and we observe the speed, disturbance torque, and q-axis current, then compared the characteristics. Note that the observer gain in the case of disturbance observer compensation provided is 0.25.
We used MATLAB / Simulink for simulation and reproduced the hardware configuration. Fig.5 to Fig.8 show the speed characteristics, disturbance estimation characteristics, and q-axis current characteristics in the simulation. Fig.5 shows a simulation result of using 23- Fig.7 . Speed, Disturbance, and Current characteristics (simulation, using 11bit encoder and observer). Fig.8 . Speed, Disturbance, and Current characteristics (simulation, using 11bit encoder). bit encoder and observer compensation, Fig.6 shows the results of using 23-bit encoder and not using observer compensation, Fig.7 shows the results of using 11-bit encoder and observer compensation, and Fig.8 shows the results of using 11-bit encoder and not using observer compensation.
Comparing Fig.5 and Fig.6 with Fig.7 and Fig.8 , depending on the difference in resolution of the encoder, it is found that appearing the large difference in the speed characteristic, the disturbance estimation characteristic, and the current characteristic. In the case of using a 23-bit encoder, there is almost no vibration and it follows the speed reference. However, when using 11-bit encoder, speed vibration of about ± 5 [rpm] at the maximum is occurred. Moreover, in the case of using the 11-bit encoder, the oscillation of estimated disturbance is large compared with the case of using the 23-bit encoder, it is thought that the correctly estimation becomes difficult. Likewise, in current characteristic, the current oscillation also increases as the resolution is lowered.
By comparing Figs.5 and 7 with Figs.6 and 8, the effect of compensation by the disturbance observer can be compared. Results in the case of using the 11-bit encoder shows in Fig.7 and Fig.8 , there is a possibility that the disturbance estimation is not accurate, so the effect by compensation cannot be discriminated. Between Fig.5 and Fig.6 , it can be seen that although the vibration occurs when the speed reference changes, the convergence of the vibration becomes faster when using the disturbance compensation. Especially, in the part where the speed reference changes from 0[rpm] to -2[rpm], it takes 80[ms] until oscillation convergence in the case of no compensation, but the case of using compensation takes 50[ms] until convergence of oscillation. That shows that it contributes to the improvement of speed characteristics. As the speed characteristics were improved, the amplitude of the current also decreased.
Therefore, when the resolution of the encoder declines, it is found that the speed control characteristic worse involved the speed calculation accuracy decreases and it is possible that the estimation of the disturbance in the observer using the speed may be affected.
In the simulations of Fig.5 to Fig.8 , since the adding disturbance to ballscrew system is not assumed, the compensation amount of the disturbance becomes small. In order to make the effect by disturbance compensation easier to clearly, we also simulate when a periodic pulse as a disturbance torque that has 2 Hz, a pulse width of 25% and a magnitude of -0.1 [Nm] was applied to the ballscrew system. In this simulation, in consideration of more accurately confirming whether the estimate disturbance is correct, or because there is a possibility that estimation cannot be made with low resolution, we compared the presence or absence of compensation when used the high-resolution encoder. Fig.9 and Fig.10 show velocity characteristics, disturbance estimation characteristics, and q-axis current characteristics in the simulation. Fig.9 shows the result of using observer compensation, and Fig.10 shows the result of not using observer compensation.
From Figs.9 and 10, it is found that periodic pulses of 2 Hz, pulse width 25%, -0.1 [Nm] given as disturbance can be accurately estimated in both cases. However in characteristic of speed, without observer compensation, vibration of ± 3.5 [rpm] is generated with respect to the speed reference, and it takes 20 [ms] to converge. But when the observer compensation is added, the oscillation width is ± 3 [rpm], and its convergence time is shortened to 10 [ms]. Likewise, with respect to the current, the spike of the current becomes about ± 400 [mA] in the case of no compensation, whereas it is reduced to about ± 300 [mA] with compensation.
Therefore, it becomes clearly in simulation that the observer built in the previous section correctly estimates the disturbance, and that the speed characteristic and the current characteristic can be improved by disturbance compensation by the disturbance observer.
B. Comparison in Actual Machine
In the previous section, we compared the speed characteristic, the disturbance estimation characteristic, and the current characteristic in the low speed range depending on changing the resolution of the encoder and Fig.9 . Speed, Disturbance, and Current characteristics (simulation, using 23bit encoder and observer).
the presence or absence of the disturbance observer by simulation. In this section, we observe and compare with speed characteristics, disturbance estimation characteristics, current characteristics in the same speed pattern as the simulation by using the actual machine described above. Similar to Figs.5 to 8, Figs.11 to 14 show velocity characteristics, disturbance estimation characteristics, and q-axis current characteristics in the actual system. Fig.11 shows the result of using 23-bit encoder and observer compensation, Fig.12 shows the result of using 23-bit encoder and not using observer compensation, Fig.13 shows the result of using 11-bit encoder and observer compensation, and Fig.14 shows the result of using 11-bit encoder and not using observer compensation.
Comparing Fig.11 and Fig.12 with Fig.13 and Fig.14 , same as the result of simulation, depending on the difference in resolution of the encoder, it is found that appearing the large difference in the speed characteristic, the disturbance estimation characteristic, and the current characteristic. In the case of using a 23-bit encoder, although the speed has vibration of ± 1 [rpm] from the speed reference, when using 11-bit encoder, speed vibration is occurred of about ± 6 [rpm] at the maximum from reference. In the 23-bit encoder, the period of speed vibration is proportional to the speed, but this tendency is not observed in the case of using the 11-bit encoder. In the case of using the 11-bit encoder, the micro-oscillation of the estimated disturbance is large compared with the case using the 23-bit encoder, and the accuracy of the estimation is affected. Likewise, even in the current characteristic, the micro-vibration of the current increases as the resolution was lowered.
In the estimated disturbance in the result of the actual machine, it can be seen a periodic disturbance torque in small frequency proportional to the speed, which is not seen in the simulation. In the actual machines, addition to the elements assumed in the model, it is included mechanical parts such as nonlinear elements and coupling which affect the drive. So it is thought that effect for these elements were appeared as disturbance torque. In particular, these disturbance appear as a period proportional to the speed, so it is considered that the disturbance is occurred from the main part of the ballscrew.
By comparing Figs.11 and 13 with Figs.12 and 14, the effect of compensation by the disturbance observer can be compared. In the case of using the 11-bit encoder of Fig.13 and Fig.14 , the micro-vibration of speed is conspicuous. When not using compensation, it is affected by the fluctuation of the speed caused by the disturbance, but by using the compensation, the average value of the speed is about in agreement with the speed reference. Even between Fig.11 and Fig.12 , similar to the case of low resolution encoder, speed fluctuation caused by disturbance occurs in the case of not using compensation, but speed fluctuation caused by the disturbance can be suppressed by using compensation. In Fig.13 . Speed, Disturbance, and Current characteristics (actual system, using 11bit encoder and observer).
Fig.14. Speed, Disturbance, and Current characteristics (actual system, using 11bit encoder). Fig.11 . Speed, Disturbance, and Current characteristics (actual system, using 23bit encoder and observer). Fig.12 . Speed, Disturbance, and Current characteristics (actual system, using 23bit encoder).
addition, the current characteristic was also smoothed by compensation.
Similar to Fig.9 and Fig.10 , we also examine when a periodic pulse as a disturbance torque that has 2 Hz, a pulse width of 25% and a magnitude of -0.1 [Nm] was applied to the ballscrew system. This disturbance torque was applied transformed to q-axis current equivalently. Fig.15 and Fig.16 show velocity characteristics, disturbance estimation characteristics, and q-axis current characteristics in the simulation. Fig.15 shows the result of using observer compensation, and Fig.16 shows the result of not using observer compensation.
From Figs.15 and 16, it is found that disturbance caused by normal operation and the disturbance applied as disturbance torque can be estimated in both cases. However in characteristic of speed, without observer compensation, vibration is generated with respect to the speed reference, and it takes 80 [ms] to converge. But when the observer compensation is added, the oscillation convergence time is shortened to 40 [ms] in maximum. So it is found that the speed characteristic can be improved by disturbance compensation by the disturbance observer.
Therefore, same as the simulation, it was found that as the resolution of the encoder declines, the speed calculation accuracy decreases, which the speed control characteristic worse with. And the estimation of the disturbance in the observer using speed is worse too. It was also confirmed that by estimating and compensating the disturbance, it is possible to estimate an unknown disturbance and suppress deterioration of the speed characteristic caused by the disturbance.
IV. CONCLUSIONS
In this paper, we constructed the speed control system for the ballscrew drive system, and compared the driving characteristics and the estimation of the disturbance between using the ultra high resolution encoder and using the low resolution encoder, in both of actual machines and simulation. In both the simulation and the actual machine, vibration was occurred in the velocity characteristics in using the low resolution encoder, and the disturbance estimation was also affected. But by using the high resolution encoder, the speed characteristic, the disturbance estimation, and the current characteristic were smoothed, it becomes possible that the overall the performance improvement of the drive system. Also, it is found that for the speed vibration caused by disturbance, by estimating disturbance and compensating, it is possible to decrease the time of convergence of the vibration, and to eliminate the influence of the vibration and improve the velocity followability. In addition, it become possible to estimate the unknown disturbance of the ballscrew mechanism, but for more accurate estimation of the disturbance, it is necessary to construct a model more suitable for the actual machine. It is thought that which is to construct a more realistic nonlinear friction model.
